Y ¥ i
ARMY RESEARCH LABORATORY ‘ l R

Producing Known Quantities of RDX for LIBS Limit of
Detection Study

by Frank C. De Lucia, Jr.

ARL-TR-6002 May 2012

Approved for public release; distribution is unlimited.



NOTICES

Disclaimers

The findings in this report are not to be construed as an official Department of the Army position unless
so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the
use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



Army Research Laboratory
Aberdeen Proving Ground, MD 21005

ARL-TR-6002 May 2012

Producing Known Quantities of RDX for LIBS Limit of
Detection Study

Frank C. De Lucia, Jr.
Weapons and Materials Research Directorate, ARL

Approved for public release; distribution is unlimited.



Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
May 2012 Final

3. DATES COVERED (From - To)

4. TITLE AND SUBTITLE
Producing Known Quantities of RDX for LIBS Limit of Detection Study

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Frank C. De Lucia, Jr.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
U.S. Army Research Laboratory

ATTN: RDRL-WML-A

Aberdeen Proving Ground, MD 21005

8. PERFORMING ORGANIZATION
REPORT NUMBER

ARL-TR-6002

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Laser induced breakdown spectroscopy (LIBS) is an optical elemental analysis technique that has shown promise for detecting
trace amounts of explosive residue. The need to quantify the detection limits for explosives using LIBS is an important step for
determining the effectiveness of the LIBS technique, and requires the ability to produce known amounts of explosives
reproducibly. To that end, we have employed an inkjet printing system to produce samples with a range of known amounts of
trace explosives (sub 100 nanograms.) The detection limits were determined based on the relationship between the LIBS
spectral data and the mass of the explosive. Based on this proof of principle study, preliminary detection limit results were
found to be ~1.5 and ~0.1 ng for two different laser energies using this particular experimental configuration.

15. SUBJECT TERMS
LIBS, quantifiable, limit of detection, trace explosives, detection

17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
16. SECURITY CLASSIFICATION OF: OF ABSTRACT OF PAGES Frank C. De Lucia. Jr
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
Unclassified Unclassified Unclassified uu 18 410-306-0884

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. 239.18




Contents

List of Figures

List of Tables

1.

Introduction
Experiment
Results
Conclusion

References

List of Symbols, Abbreviations, and Acronyms

Distribution List

10



List of Figures

Figure 1. Jetlab 4 (MICrOFah SYSLEMS).....cciiiieiiiie ettt st 2
Figure 2. LIBS experimental setup (a) Nd:YAG laser, (b) focusing optics, (c) pierced mirror,

(d) microplasma, (e) sample, (f) collection optics, and (g) spectrometer/detector. ................... 3
Figure 3. LIBS spectra of blank Al, RDX deposit from 300 drops, and RDX deposit from

700 drops. Insets show C, H, N, and O atomic emission lINES. .........ccccevvreriereniieseenesie e 5

Figure 4. C atomic emission intensity as a function of the mass of RDX. A linear fit (red)
and a weighted linear fit (blue) were used to fit the data. Error bars represent one
Rt L0 F Lo I Loy = U o PSS 6

List of Tables

Table 1. Quantifiable RDX samples used to determine the detection limit of the LIBS system
AL WO J2SEE BNEITIES. ....vieieiieeee ettt et e e sa e et e st e e beebeaseesaeebeeneesneebeeneesreas 4



1. Introduction

The ability to detect trace explosives is of interest to the U.S. Army Research Laboratory (ARL).
The presence of small amounts of explosives could be an indicator of a larger explosive nearby,
either an improvised explosive device (IED) or a homemade explosive (HME). At ARL, we
have been investigating the possibility of using standoff laser induced breakdown spectroscopy
(LIBS) as a method to detect trace explosives at a distance (1-4). We have demonstrated the
feasibility of classifying unknown trace residues as either explosives or non-explosives on a
variety of surfaces (5). For ongoing studies, we need to be able to quantify the amounts of
explosives interrogated by the LIBS microplasma. The ability to produce known, relevant
amounts of explosive on a variety of surfaces is needed. A 2006 Massachusetts Institute of
Technology (MIT) Lincoln Laboratory study measured the amount of explosives left on surfaces
by an individual who was handling explosives (6). By applying a known range of explosive
quantities, the detection limit of different trace explosive detection methods can be determined.
In order to produce these known, relevant amounts of trace explosives, we used an inkjet printing
system (JetLab 4, MicroLab Systems). In this report, we performed a proof-of-principle
experiment using the inkjet printer to produce a range of known cyclotrimethylene-trinitramine
(RDX) quantities onto aluminum (Al) substrates. These samples were interrogated by a bench
top LIBS system in order to calculate a detection limit. The procedure for producing known
quantities of relevant amounts of explosives and determining the detection limit can then be
applied to different LIBS systems or other explosive detection methods for a variety of trace
detection applications.

2. Experiment

Colleagues at ARL provided the RDX that was used in the experiment. The RDX was dissolved
into the solvent isobutanol at a concentration of ~0.4 mg/mL. The solution was then filtered
through a membrane with a pore size of 0.45 um so that no large RDX particulate would clog the
inkjet nozzle. The concentration of the resulting solution was determined by adding known
quantities of the solution to weighing dishes. The isobutanol was allowed to evaporate, and then
the RDX was weighed. The concentration of the solution was determined to be 0.18 +

0.02 mg/mL. The inkjet system is shown in figure 1. The RDX solution was placed in the inkjet
reservoir. The inkjet produces a defined number of small droplets (~100 pL per droplet) that are
deposited onto a substrate in a predetermined pattern. The droplet evaporates, depositing the
solute onto the substrate surface. The inkjet system is used to calculate the average volume of
the droplets.



Figure 1. Jetlab 4 (MicroFab systems).

Samples were prepared by dropping 100 droplets on a position on an Al substrate. Then the
inkjet nozzle moved to a different spot and dropped another 100 droplets. This procedure was
repeated until a 5 x 4 grid of RDX deposits had been formed. The process is repeated by
dropping another 100 droplets at each point on the grid. This is repeated until the desired
number of droplets is reached at each point of the grid. By adding 100 drops at a time to each
sample spot on the grid, we produced uniform-sized deposits of different quantities. The size of
the RDX deposited on the Al was a small ring less than a millimeter in diameter that was
consumed entirely by a single laser-generated microplasma. For this experiment, we produced
nine samples with RDX deposited in a5 x 4 grid. The first substrate had 200 drops deposited at
each grid point. The second substrate had 300 drops deposited at each grid point, and so forth,
up to the ninth substrate, which had 1000 drops deposited at each grid point. From the number
of droplets, the droplet volume, and the sample concentration, the deposited mass of RDX was
calculated.

The LIBS system experimental setup is shown in figure 2. A neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser (Big Sky, CFR400) produces a nanosecond laser pulse that
was focused by a 10 cm focal length lens onto the sample surface and fired in a single-shot
mode. The emission from the resulting microplasma was collected by a parabolic mirror and
focused onto a seven-fiber (600 um diameter) bundle. Each fiber was connected to one of the
seven channels in the multi-channel charge-coupled device (CCD) spectrometer (Ocean Optics
Inc., LIBS 2000+), giving broadband coverage from 200-950 nm at relatively high resolution
(~0.1 nm). The spectrometer was set to begin collecting light 1.00 us after the plasma initiation
in order to reduce the background continuum inherent in LIBS experiments. The spectrometer
gate width was 2 ms. An argon (Ar) flow was directed across the sample surface where the
microplasma was formed to minimize the oxygen (O) and nitrogen (N) contributions from air.
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Figure 2. LIBS experimental setup (a) Nd:YAG
laser, (b) focusing optics, (c) pierced
mirror, (d) microplasma, (e) sample,
() collection optics, and
(9) spectrometer/detector.

3. Results

Two sets of samples were produced in order to determine the detection limit for RDX on Al for
two different laser energies, 230 and 340 mJ. The two sample sets are shown in table 1. Twenty
LIBS spectra were collected from each sample. Representative spectra from the Al substrate
blank, the 300 drop sample, and the 700 drop sample collected at 340 mJ are shown in figure 3.
The largest atomic emission lines are due to the Ar bath gas and the Al substrate. We are only
interested in the atomic emission lines associated with the constituent elements of RDX—i.e.,
carbon (C), hydrogen (H), O, and N—shown in the insets. As more drops are applied, we see the
atomic emission intensities of C, H, N, and O increase, indicating that more RDX is present as
more drops from the inkjet printer are applied. The strongest atomic C emission line is shown in
the top left inset of figure 3. We used the atomic emission line intensity at 247.8 nm to calculate
the detection limit of RDX on Al. The standard deviation of the noise was first calculated. Any
individual C emission intensity at 247.8 nm that was not three times the standard deviation of the
noise was considered to not have a significant C signal and was set to zero. The average
background corrected C emission intensity at 247.8 nm was calculated from the 20 samples. We
removed any samples that had a C emission intensity outside of two standard deviations from the
average. From the remaining spectra, we kept the 10 that had the largest emission intensities.
We then recalculated the C intensity average from the 10 spectra. This process was repeated for
each set of samples, and the results are displayed in table 1. In figure 4, the C intensity is



displayed as a function of mass for the samples collected using a 230-mJ laser pulse. A linear fit
and a weighted linear fit are applied to the data points. The limit of detection can be determined
from the linear fits in figure 4 by the following equation

3*o,

LO.D.= : 1)
m

where oy, is the standard deviation of the noise at 247.8 nm on the blank Al substrate, and m is
the slope of the line. The slope defines the analytical sensitivity of the measurements. Using
equation 1 and the data from figure 4, we calculated the detection limit of RDX on Al using a
230-mJ laser pulse as 1.42 £+ 0.08 ng for the linear fit and 1.64 + 0.09 ng for the weighted linear
fit. The same process was repeated for the LIBS spectra collected using 320 mJ. Using equation
1, the detection limit of RDX on Al using a 320-mJ laser pulse was found to be 0.12 + 0.01 and
0.17 £ 0.02 ng for the linear and weighted linear fits, respectively.

Table 1. Quantifiable RDX samples used to determine the detection limit of the LIBS system at two laser energies.

RDX Samples Collected With 230 mJ
No. of Drops Average Drop Volume Mass Carbon Intensity
(pL) (ng)

0 (blank) 0 0 0
200 135+8 48+0.6 16+2
300 122 +7 6.6+0.8 19+3
400 150 + 10 10.8+1.4 22+3
500 134+ 11 12.1+1.7 18+4
600 137+5 148+ 1.7 42 +10
700 140+ 5 176+2.1 57+ 20
800 148 £ 10 21.3+2.7 62+ 10
900 138 £ 10 224429 65+ 13
1000 146 +7 26.3+3.2 89+9

RDX Samples Collected With 340 mJ
0 (blank) 0 0 0

104 £9

300 (m]fzasured once and_ used 56+08 88 + 30
or all the following

samples)
400 “ 75+1.1 198 + 41
500 “ 9.4+13 447 + 80
600 “ 11.2+1.6 516 £ 94
700 “ 13.1+1.8 571 £102
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Figure 3. LIBS spectra of blank Al, RDX deposit from 300 drops, and RDX deposit from 700 drops. Insets
show C, H, N, and O atomic emission lines.
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Figure 4. C atomic emission intensity as a function of the mass of RDX. A linear fit (red) and a weighted
linear fit (blue) were used to fit the data. Error bars represent one standard deviation.

4. Conclusion

We have established a procedure for creating quantifiable explosive samples that can be tested
with LIBS systems and other trace explosive detectors in order to determine the limit of
detection. The inkjet printer will allow samples to be made on all kinds of surfaces and is not
limited to Al. Different surfaces will interact with the droplets in different ways, so care must be
made in observing how the droplets interact with the surface and how the deposit is drying. This
is important for LIBS because an assumption is made that the sample is entirely consumed by the
microplasma. If the sample has spread over a larger area than the microplasma sampling area,
the detection limit calculation will not be accurate. We also demonstrated that the detection limit
is dependent on laser energy. The microplasma generated by the 340-mJ laser energy consumed
and ionized the RDX deposit more efficiently than the 230-mJ laser pulse; therefore, the signal-
to-noise due to the C atomic emission line increased. The detection limit would also be
significantly altered by changing the substrate because the LIBS emission signal is dependent on
the laser-material interaction.



We used a linear fit and a weighted linear fit to determine the detection limits from the C
intensity as a function of RDX mass. The weighted linear fit returns a much lower R? value
since it is dependent on the standard deviation of the C intensity at each mass value. Using a
weighted linear fit is more statistically sound; for this present experiment, however, only 10
samples were used for each mass amount. To improve future experiments, more samples must
be obtained in order to provide a more robust statistical quantification. Improvement to the
linear fit could also be obtained by selecting an appropriate internal standard. In the case of this
experiment, the internal standard could be an Ar atomic emission line, or an atomic emission line
associated with the Al substrate. A good internal standard choice would be an atomic line that
has a similar emission wavelength and upper energy state to the analyte atomic emission line (7).

For this particular experiment, we calculated detection limits of 0.12 and 1.42 ng using a linear
fit at laser energies of 340 and 230 mJ, respectively. The calculated detection limits only apply
to this particular LIBS setup—i.e., focusing and collecting optics configurations, the detector, Ar
bath gas, and Al substrate. Further improvements that could be made to the procedure include
selecting a wider range of deposition quantities in order to obtain a better indication of the
dynamic range of the detection method. The use of double pulse LIBS could further improve the
detection limit since the two pulses would increase the signal by more efficiently ionizing the
sample (8, 9). Finally, multivariate analysis could be used by using more of the LIBS spectral
signal for determining the detection limit. Other atomic emission lines from the constituent
elements (C, H, O, and N) beyond the C atomic emission line at 247.8 nm would be incorporated
into the quantification analysis.
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